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Abstract. High spatial and temporal surface pressure measurements were carried out in the state-of-the-art tornado

simulator, the Wind Engineering, Energy and Environment (WindEEE) Dome, to explore the characteristics of
stationary and translating tornado-like vortices (TLV) for a wide range of swirl ratios (𝑆=0.21 to 1.03). The translational
speed of the TLV and the surface roughness were varied to examine their effects on tornado ground pressures,
wandering, and vortex structure.
It was found that wandering is more pronounced at low swirl ratios and has a substantial effect on the peak pressure
magnitude for stationary TLV (error percentage ≤ 35%). A new method for removing wandering was proposed which
is applicable for a wide range of swirl ratios. For translating TLV, the near-surface part lagged behind the top of the
vortex, resulting in a tilt of the tornado vertical axis at higher translating speeds. Also, a veering motion of the tornado
base towards the left of the direction of the translation was observed. Wandering was less pronounced for higher
translation speeds. Increasing the surface roughness caused an analogous effect as lowering the swirl ratio.
Keywords: Tornado-like vortices, Surface pressure, Swirl ratio, Roughness, Translation speed, Wandering,

Tilting, Veering

1. Introduction and background
Tornadoes are considered as one of the most violent and destructive weather phenomena. Nearly
over 1,000 tornadoes are reported annually in the United States and their damages can exceed over
one billion dollars (NOAA, 2012). One of the deadliest tornadoes on record was the Joplin tornado
on May 22, 2011, an EF–5 rated tornado which caused 158 fatalities, more than 1,000 injuries, and
left nearly 7,500 residential structures partially or totally collapsed (NWS, 2011). This demonstrates
the severity of tornadoes and the vulnerability of buildings under these fierce storms. The destruction
of structures due to tornadic hits is associated with exceeding the permissible design wind loads in
building codes, e.g., ASCE 7-16 (ASCE/SEI, 2016) or NBCC 2015 (NRCC, 2015) which rely solely
on the atmospheric boundary layer (ABL) flow-fields in calculating pressure coefficients.
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This destruction can be minimized substantially by designing the buildings to withstand
tornadoes up to EF-2 rated tornadoes which occupy 95% of tornado hits in the United States
according to NOAA. In order to achieve this, a rigorous analysis of the tornado induced pressures
and the resulting loading on structures is needed. A key component in this analysis is the
characterization of tornadic ground pressures for various tornado intensities, translational speeds,
and surface roughness. While full scale, numerical and experimental studies of tornado induced
pressures have been performed (e.g. Lee and Wurman 2005; Natarajan and Hangan 2012; Mishra
et al. 2005), there are gaps in understanding the effects of translation and roughness of TLV as well
as their relation to tornado surface trajectories and wandering.
Owing to the difficulty to predict tornado onset, their probable trajectory, and the adversity of
implementing measuring instruments of tornado flow-field near the ground, very few field tornado
measurements have been reported in the literature. Field tornado measurements have seen
developments since their earliest attempts utilizing weather stations and barometers (Tepper and
Eggert 1956; Fujita 1958). Doppler radars were later employed to explore tornado characteristics
(Wurman et al. 1996; Wurman and Gill 2000; Wurman 2002; Bluestein et al. 2004; Lee and Wurman
2005; Alexander and Wurman 2005a, 2005b; Wakimoto et al. 2011; Wakimoto et al. 2012). By 1995,
the Doppler On Wheels (DOW) was introduced which permitted a safer environment for scientists
to record data (Wurman et al. 1997). Moreover, very few studies about ground pressure
measurements were accomplished due to the difficulty and challenges in setting up the instruments
in the unpredictable path of the tornado (Lee and Samaras 2004; Wurman and Samaras 2004;
Karstens et al. 2010). Hardened In-Situ Tornado Pressure Recorder (HITPR) probes and mobile
mesonet were utilized in those studies to obtain pressure and velocity measurements.
Furthermore, the signature of the tornado on the ground was reported in most of the field studies
utilizing satellite images and tornado damage on the ground, where the tornado path in most of the
cases veers in a curved path rather than a straight-line path (Wakimoto et al. 2003; Lemon and
Umscheid 2008; Karstens et al. 2010; Wurman and Gill 2010). Lee et al. (2004) deployed three
conical-shaped HITPR probes in the path of a F-4 tornado in Manchester, SD to measure the tornado
loading on the ground, temperature, wind speed, and humidity. They deduced that the tornado path
is curved rather than a straight line and that the pressure deficit is not perfectly symmetrical.
Moreover, they compared the pressure deficit profile with two analytical models, Rankine and
Burgers-Rott models, where the latter proved to provide a better agreement. Karstens et al. (2010)
utilized HITPR, mobile mesonets, and video probes in nine tornado events since 2002 to reveal the
near-ground characteristics of tornadoes in terms of pressure deficits, and in some cases velocity
profiles as well. They revealed the structure of the nine tornado volumes and found that they are
ranging between single-celled, double-celled, and multiple-celled tornadoes. They also calculated
the translation speed of all nine events and analyzed the tornado path using visualization, video
probes, and radar images. Albeit the reliability and robustness of field tornado measurements in
characterizing tornado flow-field, the measurements are confined to higher heights above most of
the vital structures, particularly low-rise buildings. This is because the radar should be positioned
distantly above all the obstacles to provide reliable data. These challenges associated with the field
measurements lead to the rising of experimental work using tornado vortex chambers and numerical
simulations in parallel with the hard-to-accomplish field studies.
Numerical simulations have been broadly used by many researchers due to their adjustability and
lower cost compared to experimental and field studies and have been improved through the years
(e.g. Lewellen et al. 1997; Nolan and Farrell 1999; Nolan 2005; Ishihara et al. 2011; Natarajan and
Hangan 2012; Liu and Ishihara 2015, 2016; Nasir and Bitsuamlak 2016; Nolan et al. 2017; Gairola
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and Bitsuamlak 2019). Numerical studies covered different topics exploring the stationary and
translating tornadic flow field, examining tornado-structure interaction, and tornadic post-damage
studies. Tornado translation was found to create secondary vortices (e.g. Diamond and Wilkins
1984). Also, the effect of roughness was investigated in some studies that provided contradicting
results regarding the vortex diameter either decreasing with increasing roughness (Diamond and
Wilkins 1984; Zhang and Sarkar 2008) or increasing with increasing roughness (Dessens 1972;
Leslie 1977; and Natarajan and Hangan 2012). These contradicting results are indicative of the need
to validate numerical simulations against laboratory or where possible, field measurements.
Laboratory simulations of TLVs have been started since the early seventies when Ward (1972)
built the first tornado simulator. Ward (1972) explored tornado features by comparing laboratory
results with field tornadoes and found that the radial momentum flux is a vital factor in producing
tornadoes and that the vortex is very sensitive to the geometrical parameters of the simulator. The
simulator’s main drawbacks were its limited access to the vortex chamber due to its small size which
did not allow adding appropriate-sized building models for studying tornado-structure interaction
and that it did not support tornado translation. Subsequently, several Tornado Vortex Chambers
(TVC’s) have been constructed to identify and examine the aerodynamic behavior of tornado-like
flows (Church et al. 1979; Mishra et al. 2005; Haan et al. 2008; Hangan 2014). Although laboratory
simulation was adopted by many researchers who performed vast advancements for better
characterization of tornado flow-field, it has some restrains. Most of the tornado simulators lack the
ability to create the translational motion of simulated tornadoes (Ward 1972; Church et al. 1979;
Mishra et al. 2005; Hashemi Tari et al., 2010). Moreover, the limited size of most of the tornado
simulators confines the ongoing research as it does not provide the adequate resolution for measuring
the tornadic loads on buildings (Ward, 1972; Church et al., 1979; Snow, 1982). Posterior efforts
were exerted to investigate the pressure loadings on different structures (e.g. Mishra et al. 2008b;
Haan et al. 2010; Kikitsu and Sarkar 2011; Hu et al. 2011; Thampi et al. 2011; Rajasekharan et al.
2013; Case et al. 2014). However, there are some uncertainties about the geometric and the velocity
scaling of most simulators which have a direct effect on the aerodynamic loading (Baker and
Sterling, 2019).
Tari et al. (2010) conducted experiments in a small tornado vortex simulator (TVS) at Western
University, Canada to investigate the swirl ratio effects on tornadic flow characteristics. They
concluded that the core radius, the tangential, and radial velocities rise with increasing swirl ratio.
In addition, the vortex touchdown stage recorded the highest turbulent kinetic energy. Zhang and
Sarkar (2012) investigated the near-ground flow-field of stationary TLVs using PIV system. They
found that wandering affected the results, particularly for lower swirl ratios and that the intensified
mean flow in collaboration with high turbulence near the ground and large pressure deficit would
have a prominent role in buildings’ destruction. Nevertheless, this investigation was circumscribed
to lower swirl ratios (𝑆 < 0.3), and the radial Reynolds number range was debatable. Refan et al.
(2014) utilized Particle Image Velocimetry (PIV) in the Model WindEEE Dome (MWD) to
investigate the TLV structure and compared the results with full-scale data utilizing the GroundBased Velocity Track Display (GBVTD) method. They deduced the geometric scale and the
equivalent swirl ratio of tornadoes in MWD and found that the MWD is capable of reproducing
tornadoes equivalent to EF0 to EF3 tornadoes in field tornadoes. Tang et al. (2018) carried out
experiments in the VorTECH tornado simulator at Texas Tech University. They studied the mean
and turbulent characteristics of stationary TLVs using cobra probes and omniprobes for velocity
measurements and static pressure taps on the ground for surface loading calculations. It was revealed
that the fluctuating pressure widely contributed to the tornado loading and that the pressure deficit
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has a good agreement with field tornadoes. Refan and Hangan (2018) explored the characteristics
of stationary TLVs close to the ground over a broad range of swirl ratios using Particle Image
Velocimetry (PIV) and surface pressure measurements. They deduced that wandering behavior is
more pronounced at low swirl ratios and that the tornadic near-surface pressures become
independent of the radial Reynolds number for Re > 4.5 x 104.
All the efforts in examining the near-surface of TLVs have been concentrated on stationary
tornadoes (Tari et al. 2010; Zhang and Sarkar 2012; Refan et al. 2014; Tang et al 2018; Refan and
Hangan 2018). Hence, studying the characteristics of translating TLVs close to the ground, where
the majority of structures lie, is crucial as this represents the actual behavior of real tornadoes.
In real tornadoes, the ratio between the translation velocity and the maximum tangential velocity
varies in the range of 0.03 to 5 (Lombardo et al. 2015; Refan et al. 2017; Rhee and Lombardo 2018).
The lack of the ability to produce translation in most of the tornado simulators resulted in few
experimental studies about translating tornadoes at relatively reduced translational speeds (e.g.,
Haan et al. 2010; Sengupta et al. 2006, 2008; Wang et al. 2016). Haan et al. (2010) studied
experimentally the effect of translating tornadic flow (𝑣𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑛𝑔 ≤ 0.61) on a one-story, gableroofed building and compared it with ABL flow. They reported that translation resulted in an
inclination of the vortex axis towards translation direction. However, they did not explain this
phenomenon in detail. Sengupta et al. (2008) explored the difference between simulating stationary
and translating TLVs utilizing LES on a cubic building and compared it to experimental results.
They deduced that tornadic loading of F2 intensity or higher exceeded the ASCE 7-05. Most of the
translating tornado studies were focused on the loading on the buildings without delving into the
characteristics of the translating tornado structure near the ground. Hence, more detailed research
needs to be performed to understand the characteristics of the translating tornadoes near the surface.
This will provide a better understanding of the tornadic hit’s outcomes in this critical region where
most of the structures exist and will lead to building more tornado-resilient communities.
Although reproducing tornadoes in tornado simulators proved to be a robust method, the resulting
tornadic swirl is affected by the wandering behavior of the vortex (Baker 1981; Snow and Lund
1997; Zhang and Sarkar 2012; Ashton et al 2019; Refan and Hangan 2018; Karami et al. 2019).
Ashton et al. (2019) explored the wandering behavior of TLVs in tornado simulators using the data
obtained from the Model WindEEE Dome (MWD). It was concluded that the extent of wandering
could produce an error as high as 17%. The necessity of removing the wandering effect from the
time-averaged velocity field was emphasized and two techniques were proposed to remove the
wandering effect; one, re-centering the vortex by detecting the vortex center, and two, using the
deconvolution method. The first method was reported to provide more rigorous results.
Most of the previous experimental studies were performed over smooth ground. Few studies
adopted rough surfaces that may represent different exposures (e.g. Dessens 1972; Zhang and Sarkar
2008; Matsui and Tamura 2009; Fleming et al. 2013; Wang et al. 2017). Moreover, numerical
simulations of the effect of ground roughness on tornado structure were performed (Natarajan and
Hangan 2012; Liu and Ishihara 2016). Wang et al. (2017) found that the radial and vertical velocity
fluctuations in tornadic flow are influenced by surface roughness and that introducing roughness
resulted in transitioning to a lower swirl ratio. Generally, previous studies revealed that increasing
roughness has a similar effect to decreasing the swirl ratio on the mean flow-field, unlike few studies
that showed the reverse effect (e.g. Fleming et al. 2013). Despite all the efforts in the literature, a
lack of a rigorous standardization of roughness in tornadic flow and pressure deficit dominated TLV
flows led to high uncertainty in the results. More research needs to be accomplished for better
characterization of surface roughness in tornado simulators.
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The state-of-the-art tornado simulator, the WindEEE dome, is capable of producing a wide range
of swirl ratios of TLVs utilizing their 4.5 m updraft diameter and around 4 m height (Hangan 2014;
Hangan et al. 2017a, 2017b). This large-scale simulator can provide high spatial resolution for nearground measurements. It is considered one of the best performing simulators as it accounts for
geometric similarity based on multiple length scales as well as dynamic similarity represented by
the high Reynolds number (Baker and Sterling, 2019). Therefore, ground surface and structural
loadings can be explored adequately.
In this study, ground pressures analysis for stationary as well as translating TLVs was carried out
over a wide range of swirl ratios (𝑆=0.21 to 𝑆=1.03). The choice of the surface pressures as a
characterizing tool is motivated by the following reasons: (i) the characterization of the velocity
fields in the surface layer of TLVs is difficult to achieve even for stationary tornadoes, (Refan and
Hangan, 2018); (ii) the surface pressure data is used to determine the effects of translation, roughness
and swirl ratio on important TLV characteristics such as wandering, tilting and veering; (iii) the
TLVs base pressure data is an important component that can be employed in the future for modeling
tornado-induced pressures on buildings and structures based on the separation of the induced
pressures between aerodynamic and tornado base pressure effects as put forward by Kikitsu and
Okuda (2016) and discussed by Razavi and Sarkar (2018). The effect of variation of tornado
translational speed reaching up to 1.5 m/s, (or 𝑣 𝑇 /𝑣𝑡𝑎𝑛𝑔,𝑚𝑎𝑥 ≤ 0.2) for the first time in tornado
simulators, was investigated in terms of ground pressure distributions, and TLV trajectories.
Moreover, a preliminary study of surface roughness sequel on translating TLVs structure was
performed. Finally, the effects of both translation speed and roughness on tornado tilting, veering,
and wandering have been examined for the first time.
2. Experimental setup
2.1. Tornado simulator description
The WindEEE dome is a novel three-dimensional wind testing chamber which can simulate a
wide variety of atmospheric flows such as atmospheric boundary layer (ABL), gust fronts, separated
flows, thunderstorm downbursts, and tornadoes in a large-scale (4.5 m max. updraft diameter and 4
m height) and high Reynolds numbers (up to 2 × 106) (Hangan 2014; Hangan et al. 2017a; 2017b).
The test chamber has a hexagonal footprint with a diameter of 25 m. It is composed of 106 fans
in total, 100 fans distributed along the circumference of the testing chamber, and the rest of the fans
are positioned in the upper plenum above the test chamber (Fig. 1). The integration between the
upper fans and the periphery fans doubled by an advanced control system sets the basis to produce
a variety of flow-fields. Active control of the floor allows 1600 floor roughness elements to vary
their heights between 0 and 30 cm to mimic different terrain exposures. Tornadoes can be simulated
at WindEEE dome for a broad range of intensities out of which swirl ratios 𝑆=0.21 to 1.03 have
been already explored. For the present experiments, mode “A” tornado was employed in which 6
fans in the upper plenum can produce the desired updraft in conjunction with a set of vanes situated
at the base of the peripheral walls which when set at different angles can create the desired tornado
swirl (see Fig. 1). The upper plenum is connected to the test chamber by a bell-mouth with
mechanical louvers.
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(a)

(b)

Fig. 1 Schematic of tornado creation at WindEEE Dome (a) Plan view, and (b) Side view

An important feature of the simulator is its capability to produce translation. Simulated tornadoes
can be translated over a 5 m distance and translation speeds up to 1.5 m/s. The 5 m translation path
is equivalent to one-fifth of the chamber diameter. This is, to the authors' knowledge, the largest
scale and translating speed in tornado simulators which can closely mimic the significant
aerodynamic properties of tornadic flows (Baker and Sterling 2019). The translation mechanism
utilizes a guillotine system, supported on two large beams, that translates the bell-mouth for up to
1.5 m/s utilizing a sophisticated control system, (Hangan 2014). The output voltage from the
guillotine system is converted to a distance employing a conversion factor to track the guillotine
movement. A flow visualization translating sequence is shown in Fig. 2 that demonstrates the
movement of the surface vortex as well as the tilting of the vortex axis during translation. The same
translation mechanism has been employed by (Kopp and Wu 2020). The simulator’s large size also
assures measurement resolution both in plan and in height which is very important for the
characterization of tornado near-surface layer where most of the buildings and structures lie.

Fig. 2 Progressive shots of translating TLV movement at WindEEE Dome
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2.2. Experimental setup and data processing
Tests were conducted at the WindEEE Dome. Detailed surface pressure measurements were
carried out over a large area of the chamber floor (460 cm × 240 cm) to give a thorough insight into
the tornado vortex dynamics near the ground where velocity measurements are difficult. TLVs were
tested for swirl ratios between (𝑆=0.21 to 1.03) and (S=0.48 and S=0.76) for stationary and
translating TLV, respectively. Surface roughness was added utilizing the active control roughness
blocks on the floor of a 3 cm mean height to examine the tornado flow-field characteristics.
Vortex flow-field:
The main parameters that control the tornado flow are: the geometric aspect ratio “𝑎”, the
kinematic swirl ratio “𝑆”, and the dynamic radial Reynolds number “𝑅𝑒𝑟 ”. The aspect ratio (𝑎 =
ℎ/𝑟𝑜 ) is defined as the ratio between the inflow depth (ℎ) and the updraft radius (𝑟𝑜 ). The swirl ratio
is defined as the ration between the angular momentum and the radial momentum which can be
expressed as: 𝑆 = 𝑟𝑜 Γ𝑚𝑎𝑥 /2𝑄ℎ, where Γ𝑚𝑎𝑥 is the maximum flow circulation and (𝑄) is the
volumetric flow rate per unit axial length. The radial Reynolds number is expressed as: 𝑅𝑒𝑟 =
𝑄/2𝜋𝜈, where 𝜈 is the kinematic viscosity of the fluid.
The swirl ratio in the test chamber can be controlled by altering the vanes’ angles on the periphery
walls. The flowrate is adjusted by regulating the top fans’ rpm. For this set of experiments, the inflow
depth was set at 0.8 m, the updraft radius was 2.25 m which resulted in an aspect ratio of 0.35 and
the swirl ratios were 0.21, 0.48, 0.59, 0.76, 1.03. The geometric scale of the simulated TLV’s are of
the order of 1/150 to 1/280 (Refan and Hangan 2018). For more details on the flowrate measurement
and swirl ratio calculations, see Refan and Hangan (2018).
Static pressure instrumentation:
A large rectangular base plate (460 mm × 240 mm), instrumented with 489 pressure taps, was
employed in the present study, (see Fig. 3). The tap layout of the pressure plate was designed to
ensure the full coverage of the whole travel distance of the translating tornado, with an adequate
spatial resolution, particularly around the center of the tornado simulator, and to enclose larger width
to account for translating tornado veering motion which was observed from flow visualizations as
discussed later in the results section. This tap layout was determined to guarantee the accuracy of
detecting the tornado trajectory path, specifically near the plate center, which is the region of interest,
for future investigations of tornado loading on buildings. The pressure system consists of sixteen
electronically scanned pressure (ESP) scanners and two digital temperature compensation (DTC)
Initiums (Pressure Systems, Inc.), which were employed to accommodate the large number of
pressure taps employed in the current study. The ESP scanners are minute electronic differential
pressure units that incorporate a band of silicone piezoresistive pressure sensors, one for each
pressure slot. Each ESP scanner can encompass up to 32 pressure ports and each port can
accommodate PVC tubing with an outer diameter of 1 mm. The DTC initium system delivers a
vigorous data acquisition system for the ESP scanners. Each Ethernet-based DTC initium can be
hooked up to up-to 8 pressure scanners. For more information about the pressure system, see Refan
and Hangan (2018).
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(a)

(b)

Fig. 3 Base plate tap distribution (a) Schematic, and (b) at WindEEE Dome

To measure the pressure differential (∆𝑃 = 𝑝𝑖 − 𝑝𝑜 ), where 𝑃𝑖 is the ith tap static pressure, sensed
by each pressure tap, the testing chamber’ static pressure (𝑝𝑜 ) was measured, outside the test
chamber. Pressure measurements were acquired for five swirl ratios for stationary TLV, 𝑆 =0.21,
𝑆 =0.48, 𝑆 =0.59, 𝑆 =0.76, and 𝑆 =1.03, and for 𝑆 =0.48 and 𝑆 =0.76 for translating TLV at
𝑅𝑒𝑟 =106. The selection of these two swirl ratios for translating TLV was attributed to simulating
two important stages of TLV, the before and after touchdown of the tornado vortex (Refan and
Hangan 2018). The sampling frequency and sampling time for the pressure measurements were 500
Hz and 40 s, respectively for translating tornado and 500 Hz and 16 s for stationary tornado. This
high frequency was chosen to keep a good temporal resolution and the sampling time was long
enough to cover the whole translating tornado movement.
Ground roughness:
The test chamber at WindEEE dome has 1600 pneumatically controlled roughness elements
spread across the floor that can be extended to a maximum height of 30 cm. The automated
roughness blocks are made from metal and are designed to accommodate a variety of exposure
conditions for atmospheric boundary layer flows (ABL) and tornadic flow (Fig. 4). In the current
study, a smooth surface and a rough surface were employed to preliminary investigate the effect of
roughness on the tornado flow-field. For the first configuration, the roughness elements were not
activated to reproduce flow over a smoothed surface in ABL flow-field. While the later was
represented by active roughness elements of a mean height of 1.25 in as shown in Fig. 4. This
configuration corresponds to open country (OC) terrain in ABL flow (aerodynamic roughness
height, z0 = 0.03 m) at 1:200 scale (Hangan et al. 2017). Although there is no standardization of
roughness conditions in tornadic flow-field as the existing one in ABL flows, this study serves as a
preliminary investigation of the roughness effect on translating TLVs structure.
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Fig. 4 Ground floor with added roughness elements in the test chamber at WindEEE Dome

3. Results and discussion
The tornado vortex structure near the ground is analyzed utilizing surface pressure measurements
for a wide range of swirl ratios (𝑆= 0.21, 0.48, 0.59, 0.76, and 1.03) for stationary and translating
TLVs. Two translation speeds (0.11 m/s and 1.5 m/s) and two surface roughnesses of 0 cm (smooth)
and 3 cm (rough), respectively were examined for translating TLV. The outcomes of the present
study are motivated by (i) better understanding translating tornado TLVs effects such as wandering,
tilting and veering under various translating and roughness conditions as well as (ii) providing
detailed base pressure tornado data for future modeling of tornado-induced pressures on buildings
and structures.
3.1. Stationary tornado
Fig. 5 shows the radial profiles of the normalized mean ground pressure deficits (∆𝑃 ∗ ) for several
2
swirl ratios of stationary (non-translating) TLVs, where ∆𝑃 ∗ =∆𝑃/0.5 𝜌 𝑣𝑎𝑥
, where 𝜌 is the density
of air. The pressure was normalized employing the mean axial velocity “𝑣𝑎𝑥 ” measured at the bellmouth location (Refan and Hangan, 2018). The mean axial velocity was chosen for normalization
as it is uniform irrespective of the swirl ratio rather than the maximum tangential velocity which
changes with swirl ratio. Hence, Using the maximum tangential velocity would provide misleading
results regarding the pressure deficit comparison for the whole range of swirl ratios as (Refan and
Hangan 2018). For the current study, the pressure data for each tap was averaged over the entire
sampling duration of 16 s (8000 samples) without considering azimuthal averaging. This is because
azimuthal averaging would be smoothing up the pressure deficit profile into a one-vortex structure
regardless of the real vortex structure, one, two, or three-vortices.
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Fig. 5 mean surface pressure deficits for all swirl ratios. The pressure deficits are normalized based on
2
(0.5𝜌𝑣𝑎𝑥
)

3.1.1

Wandering effects:

The pressure data shown in Fig. 5 represents the data after removing the effects of wandering.
Wandering is a random oscillation of the vortex core departed from its real spatial position that
would affect the resultant time-averaged data. The wandering behavior of TLVs influences the
ground pressure profiles, particularly for low swirl ratios (e.g. Ashton et al. 2019; Refan and Hangan
2018).
In order to understand the extent of the tornado wandering behavior, the root mean square “rms”
of the distance between the tornado instantaneous vortex center and the overall vortex center (i.e.
the average vortex center over the whole sampling time) is quantified. Herein, the vortex center is
determined by the detection of the minimum pressure at each instance. For the lowest swirl ratio,
S=0.21, the high value of the rms 0.21 reflects the instability of the vortex at this supercritical stage
before the touchdown of the vortex. Increasing the swirl ratio to S=0.48 resulted in a very slight
decrease of the rms value to 0.2. Further increasing the swirl ratio resulted in a counterintuitive
gradual increase (0.2- 0.3) in the rms value. This is attributed to the multiple sub-vortices
intermittently present with increasing swirl ratio that makes detecting the vortex center challenging
and adds error in the rms value. As a result, there is a need for a new method that can detect the
vortex center rather than the minimum pressure which can be applicable for higher swirl ratios.
In order to obtain more precise results, the data should be corrected by removing wandering.
Different approaches for eliminating wandering were implemented in previous studies: one
approach is based on re-centering the vortex while another method uses a deconvolution procedure,
but the foremost showed more accurate results as the second method resulted in an overestimation
of the maximum tangential velocity in some cases (Ashton et al. 2019). Therefore, in this study, the
first method of re-centering the vortex at each instance was initially adopted. Albeit the simplicity
and efficiency of this approach in removing wandering for low swirl ratios, it did not provide
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meaningful results for high swirls. This happened because the algorithm depends on determining the
center of the tornado vortex based on the global minimum pressure recorded by the pressure taps,
without accounting for the local minimums. This approach works well for only one-vortex structure
while it fails for two or three-vortex structures that appear mostly at higher swirl ratios (S > 0.21).
Hence, a new approach is proposed which proved to be more robust for this wide range of swirl
ratios, particularly higher swirls. The adopted strategy was based on a moving average approach
with proper window size. The algorithm used to eliminate wandering is outlined as follows:
1. Detection of the overall minimum pressure tap for each time step.
2. Plotting the moving average, with proper window size, of the radial pressure deficit.
3. Specifying the (X,Y) coordinates of the minimum of the moving average pressure profile.
4. Realigning the whole pressure flow-field, for each instance, to the center of the simulator
(0,0) by the magnitude of (X,Y) shift.
5. Averaging the realigned pressure flow-field over the whole sampling time.
This method maintained the real shape of the pressure deficit, one-vortex or two-vortex,
particularly for high swirl ratios, by accounting not only for the global minimum but also for the
local minimums of the radial surface pressure profile which preserved the real shape of the vortex,
either one-vortex or two-vortex. Wandering elimination resulted in a substantial difference in the
minimum mean surface pressure magnitude, particularly for low swirl ratios as summarized in table
(1). The results in Table 1 clearly show that not accounting for wandering would lead to a drastic
underestimation of the pressure deficit.
Table 1 Effect of removing wandering on minimum mean surface pressure values of stationary tornado
Swirl Ratio (S)

∆𝑷∗𝒎𝒊𝒏 (Original data)

∆𝑷∗𝒎𝒊𝒏 (removed wandering) Error (%)

0.21

-10.51

-16.11

-34.74

0.48

-13.06

-14.84

-11.95

0.59

-13.40

-15.19

-11.8

0.76

-13.64

-16.56

-17.62

1.03

-15.56

-19.85

-21.60

Fig. 6 shows the contour plot of the mean ground pressure for 𝑆=0.21 and 𝑆=1.03 before and
after removing wandering. Table 1 and Fig. 6 show that wandering affects both the minimum
pressure deficit value as well as its position. Note that the wandering effects are most important for
low swirl where vortex instabilities are strong and at higher swirl where two and three sub-vortices
are observed.
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(a)

(b)

(c)
(d)
Fig. 6 Non-dimensional mean pressure deficit contour plot for S=0.21 and S=1.03 (a) with wandering
(S=0.21), (b) after removing wandering (S=0.21), (c) with wandering (S=1.03), and (d) after removing
wandering (S=1.03).

3.1.2

Swirl ratio effects:

Fig. 5 shows that for the lowest swirl ratio, 𝑆=0.21, the pressure deficit has a narrow profile,
which indicates a smaller core radius compared to other swirl ratios, with a single minimum value
characterizing a single-vortex TLV structure. An increase in the swirl ratio (𝑆=0.48) decreased the
suction and increased the core radius which led to a wider profile of the pressure deficit with a more
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flattened peak possibly corresponding to a dual sub-vortex structure. The intermittent switch from
one to two-vortex structure is associated with the vortex break down (VBD) and specifically to
touchdown stage for swirl ratios here between 𝑆=0.48 and 𝑆=0.59 (Refan and Hangan 2018). Similar
behavior was observed in previous studies (Snow et al. 1980; Refan and Hangan 2016; Tang et al.
2017). As the swirl ratio increases (S=0.76), the magnitude of the minimum pressure also increases
where higher suctions are noticed, and a more pronounced two-vortex profile is observed. Moreover,
the core radius keeps growing with increasing swirl. The pressure deficit was assumed to be
symmetric, and Fig. 5 was plotted using half of the data. A comparison between the stationary and
translating TLV is provided in the next section.
In order to better understand the tornado vortex dynamics near the ground, the vortex structure
of the TLV was analyzed for two swirl ratios, 𝑆=0.76 and 𝑆=1.03 for a smooth surface and 𝑆=0.76
for a rough surface. Those two swirl ratios were chosen as they represent higher swirl ratios where
the tornado vortex structure is more complex and tends to deviate from the classical single structure
of the lower swirl ratio profiles. The detection of the vortices was based on the ground pressure
contour plots utilizing image processing toolbox through MATLAB R2019b. Fig. 7 shows that the
one-vortex structure is dominant with two-thirds of the probability of occurrence for 𝑆=0.76. The
two-vortex follows with one third and the three-vortex which is less common with as low as 10%
probability. Increasing the swirl ratio to 1.03 resulted in an increase in the two-vortex structure
percentage to reach the same level as the one-vortex structure by almost 37%. Also, the three-vortex
structure increases by 15% compared to 𝑆=0.76. This combination between two and three vortexstructure is a mark for high swirl ratios (Refan and Hangan 2018). On the other hand, adding
roughness for 𝑆=0.76 led to an increase in the two and three vortex structure which may relate to the
destabilizing of the main vortex by increased wall turbulence.

Fig. 7 Stationary TLV vortex structure
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3.2

Translating tornado

In this section, pressure measurements on the ground are analyzed for translating TLV to examine
the effects of swirl ratio, translation speed, and roughness. Comparison between stationary and
translating TLVs is carried out to explore the important aspects that distinguish between the two
cases.
3.2.1

Swirl ratio effects:

Fig. 8 shows the pressure deficit for simulated translating tornadoes in the WindEEE dome for
two swirl ratios, 𝑆=0.48, and 𝑆=0.76. Those two swirl ratios are representative of EF-1 and EF-2
tornadoes (Refan and Hangan 2017), which are more frequent than the higher-rated (EF-3 to EF-5)
tornadoes according to NOAA. They also represent before touchdown and after vortex touchdown
patterns in TLVs. A translating speed of 1.5 m/s was used for this analysis. Each pressure deficit
profile represents the timeseries of the minimum pressure tap along the centerline of the tornado
simulator. For each case, ensemble averaging of five runs was performed. The number of runs was
limited to accommodate the high number of test cases. Fig. 8 shows that the pressure deficit for
both swirl ratios is distinctly asymmetric between the leading and the rear sides of the tornado
vortex, unlike the stationary tornado which has a symmetric pressure profile., see Fig. 5. This
observation is similar to field tornado observations (Lee and Samaras, 2004). Also, a wider profile
of the pressure deficit due to the larger core radius is observed when the swirl ratio increases from
0.48 to 0.76. The pressure distribution for S=0.76 seems to present one minimum or at least one
main minimum and a distorted one. This is different from stationary tornado studies (e.g. Tang et
al., 2017) and can be attributed to the higher translation speed in WindEEE (𝑉𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑛𝑔 =1.5 m/s)
that would result in a more inclined tornado vortex central axis.

Fig. 8 Pressure deficit for S=0.48 and 0.76 for translating TLVs
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(a)
(b)
Fig. 9 Effect of multiple runs on pressure deficit profile for (a) S=0.48 and (b) S=0.76

Fig. 9 represents the five runs for the two swirl ratios and the ensemble-averaged profile of the
pressure deficit. It is clearly seen that ensemble averaging resulted in smoothing up the pressure
deficit profiles and therefore making the two-vortex type profile (two minima) less pronounced for
the two swirl ratios. This could be attributed to multiple factors. Firstly, the veering motion of the
tornado, described in detail later in Section 3.2.5, may explain the variability in individual profiles
for the five runs considered. Secondly, the surface friction increases with increasing swirl and
produces a more pronounced asymmetry in the profiles for S=0.76 compared to S=0.48. This results
in a forward inclination of the tornado central axis by less than 20 which was qualitatively observed
in some full-scale data (Wurman and Gill 2000) as well as numerical simulations (e.g. Natarajan and
Hangan 2012 and Liu and Ishihara 2016) and WindEEE flow visualizations. Lastly, the ensemble
averaging process of the five runs was based on aligning the peak pressures which considers only
the higher peak of the high swirl ratio cases.
In order to better understand the tornado vortex dynamics under translation, the analysis has been
extended to a broader range of swirl ratios (Fig. 10), ( 𝑆=0.21, 0.48, 0.59, 0.76, and 1.03). Note that
due to the broader range of swirl ratios only one run was implemented and the alignment of the
pressure profiles for the five swirl ratios was based on the peak pressures.
For 𝑆=0.21, it is apparent that the tornado is single-celled with a narrow profile and high peak
pressure magnitude (Fig. 10). Amplifying the swirl ratio to 𝑆=0.48 caused an expansion of the core
radius of the tornado vortex and an asymmetric vortex indicative of a two-cell profile. This
asymmetry would be due to the higher translation speed of the tornado vortex that caused an
inclination of the tornado axis as mentioned earlier. Also, a shift of the pressure deficit is observed
due to aligning the pressure profiles based on the peak pressures. Further increasing the swirl ratio
to 𝑆=0.59 led to a wider profile of the pressure deficit with multiple-vortex structure and a similar
peak magnitude to 𝑆=0.48. Increasing the swirl ratio to 𝑆=0.76 resulted in a subsequent rise of the
peak pressure and a broader core radius (i.e. wider pressure profile). The pressure deficit is multivortex and asymmetric. Further increasing the swirl ratio to 𝑆=1.03 led to very broad pressure deficit
profile with a multi-vortex structure indicative of high swirl ratios.
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Fig. 10 Effect of increasing swirl ratio on the surface pressure deficit for translating TLVs

3.2.2

Translating vs. stationary tornado:

Comparison between the translating and the stationary tornado pressure deficit is provided for
the ensembled averaged (5 runs) results only. For 𝑆=0.48 and 𝑆=0.76 (see Fig. 11), the translation
resulted in a wider pressure deficit profile and a slight decrease in the magnitude of the minimum
pressure deficit compared to stationary ones. Both of these effects are attributed to the increased
surface shear due to translation. The widening of the pressure deficit profile is more pronounced for
S=0.76 as the resultant velocity and therefore shear is larger for this case. Fig. 12 compares the
minimum pressure values for stationary and translating TLVs (𝑣 𝑇 =1.5 m/s). For stationary tornado,
the maximum pressure deficit increases before vortex touchdown (𝑆 <0.48) and decreases after. This
trend is comparable to previous studies for stationary tornadoes (Natarajan and Hangan 2012; Tang

(a)
(b)
Fig. 11 Surface pressure deficit for Stationary (To) and Translating (T1.5) TLVs for (a) S=0.48, and (b) S=0.76
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et al. 2018). The trend seems to be the same for the translating cases (𝑇1.5 ) with a slight decrease in
the negative peak magnitude due to additional surface shear. Note that the magnitude of the
minimum pressure is dependent on the translation speed (i.e. the lower the translation speed, the
lower the pressure loads) (Haan et al. 2011). This emphasizes the importance of proper
representation of tornado translation speed and scaling to match field tornadoes.

Fig. 12 Maximum central pressure deficit vs swirl ratio for stationary (To) and translating tornado (T1.5)

3.2.3

Effect of translation speed:

The variation of tornado translating speed has a substantial effect on tornado loading patterns
(e.g., Haan et al 2010). In this study, three different translating speeds, 𝑉𝑇 =1.5 m/s “Speed (1)”, 1
m/s “Speed (2)”, and 0.11 “Speed (3)” were tested to analyze their effect on the tornado pressures
on the ground surface. The higher speeds are closer to the lower end of observed field tornadoes and
therefore they allow a more realistic representation of translating tornadoes and avoid overestimation
of the loads.
Fig. 13a and Fig. 13b present pressure deficit radial profiles for the two swirl ratios considered
and for several translational speeds. At lower translational speeds (2 and 3) the maximum pressure
deficit is larger compared to the highest speed (1). Also, the pressure deficit profiles are more
asymmetric for the lower speeds compared to the highest speed. This asymmetric behavior with
multiple local minimums has been further investigated for S=0.48 and it was found that wandering
is more pronounced when the translation velocity is low, particularly for low swirl ratios as this is
considered a supercritical stage near the touchdown (Refan and Hangan 2018). Low translation
speeds result in a higher drop in the pressure deficit which means overestimating the resultant loads.
Hence, it is possible that using higher translation speeds closer to the scaled translation velocities in
real tornadoes would produce more realistic and less conservative results.
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(a)
(b)
Fig. 13 Effect of tornado translation speed on ground pressure (a) S=0.76, and (b) S=0.48

3.2.4

Effect of translation on tornado tilting

A prominent sighting from flow visualization was the vertical tilt of the tornado vortex axis
towards the translation direction, specifically for the highest translating speed (Fig. 14a). The lower
part of the vortex near the ground lagged behind the upper part causing a tilting of the tornado vortex
axis. Fig. 14b shows a schematic sketch of the tilting behavior of the simulated tornado showing the
inclination angle (𝜃). This inclination of the tornado axis will cause an asymmetric distribution of
the velocity and consequently the surface pressures with implications on the overall aerodynamic
loading on buildings. The inclination angle (𝜃) was deduced by employing the guillotine velocity
(𝑉𝐺 ), the tornado vortex base velocity (𝑉𝐵 ), the total travel distance of the tornado (𝐷𝑇  5 m), and
the tornado vortex height (𝐻=3.8 m) as follows:
tan 𝜃 =

(𝐷𝑇 /2)( 𝑉𝐺 ⁄𝑉𝐵 − 1)
𝐻

The tornado vortex base velocity (𝑉𝐵 ) was calculated by tracing the signature of the tornado
vortex on the ground utilizing the instantaneous minimum pressure tap. Besides, the guillotine
velocity (𝑉𝐺 ) was precisely estimated by converting the voltage sensed by the guillotine system to
velocity using a voltage/meter conversion ratio. It was established that the tilt angle was ranging
between 8 to 18 degrees for the whole range of swirl ratios. As mentioned before, this inclination of
the tornado axis is attributed to higher shear stress with increasing velocity.
Similar behavior was recorded in previous experimental studies (Haan et al. 2010), however, no
further investigation was performed. Also, the tilt in the tornado axis was calculated in a field study
(Wurman and Gill 2000) as 20 and in some field and numerical studies (Brooks 1951; Brown et al
1978; Alexander and Wurman 2005; Liu and Ishihara 2016; Yuan et al. 2019).
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(a)
(b)
Fig. 14 Tornado axis inclination (a) at WindEEE Dome, (b) Schematic Sketch

On the other hand, the tilting behavior of the TLV was examined for the lowest and highest
translation speeds to understand its effect on the tornado vortex shape. For S=0.48 and S=0.76, the
tilting angle for 𝑉𝑇 =0.11 m/s “Speed (3)” was found to be almost zero degrees, unlike the highest
speed 𝑉𝑇 =1.5 m/s “Speed (1)” which resulted in a tilting angle in the range of 10 to 16. This shows
that, as expected, increasing the translation speed will result in a lagging behavior between the lower
and upper parts of the tornado vortex.
3.2.5

Effects of translation speed on veering motion

Another important observation from the instantaneous contour plots of the translating tornado
and the flow visualization is the veering motion of the vortex to the left of the translation direction.
This veering behavior was observed mainly for the higher translation speeds for all swirl ratios. The
real position of the tornado vortex near the surface was evaluated by tracking the minimum pressure
tap at each instance (see Fig. 15b). It can be seen from the trajectories that at lower translating
velocity, 𝑉𝑇 =0.11 m/s “Speed (3)”, the tornado approximately followed a straight path similar to
the behavior of a low-intensity tornado observed by Baker (2020). Further increasing the translating
speed resulted in a redirection of the tornado path on a curvature rather than a straight line to the left
which is more pronounced in the highest translating velocity, 𝑉𝑇 =1.5 m/s “Speed (1)”. This effect
is due to the asymmetry of the velocity field under translation and consequently the pressures
between the right and left sides of the vortex. This phenomenon had not been reported in the
literature before in tornado simulators, which may be related to the relatively low translation velocity
in other simulators as the maximum achievable translating speed is 0.6 m/s (Haan et al. 2008). On
the other hand, this deflection of the tornado path has been documented in field tornados by drawing
the damage tracks of tornadoes (Lemon and Umscheid 2008) (see Fig. 15a). Wurman and Gill (2000)
documented such behavior by comparing the tornado vortex signature on the lowest levels and on 1
km height which proved to be different as the highest levels showed almost a straight northward
direction rather than a curved northwest direction of the lower portion of the tornado vortex on the
ground.
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(a)
(b)
Fig. 15 Tornado paths (a) Damage path of the Greensburg, KS tornado. Adapted from “The Greensburg, KS
tornadic storm: a storm of extremes.” by L. R. Lemon, & M. Umscheid, 2008, 24th Conf. on Severe Local
Storms, 2.4. and (b) at WindEEE Dome

3.2.6

Effect of roughness

A preliminary investigation of roughness effects on TLVs was carried out by comparing the
pressure deficit radial profiles for two surface roughness and two swirl ratios, 𝑆=0.48 and 𝑆=0.76.
The heights of the 1,600 roughness blocks in the WindEEE Dome were set at 0 cm (smooth) and 3
cm (rough) average heights.
Fig. 16a compares the pressure deficit radial profiles for the two roughness levels and the two
swirl ratios. For 𝑆 =0.48, which is the stage just before VBD (Refan and Hangan 2018), introducing
roughness resulted in a narrower pressure deficit profile, reduction in the core radius, and increase
in the magnitude of the minimum pressure. This means that for low swirl ratios, roughness creates
a similar effect as decreasing swirl ratio. This supports the previous studies' findings (Natarajan and
Hangan 2012; Wang et al., 2017). For 𝑆=0.76 (Fig. 16b), the same behavior was observed, and the
roughness causes an analogous effect as the reduction of swirl ratio which is in agreement with
previous studies’ conclusions (e.g. Natarajan and Hangan, 2012, Razavi et al. 2018). More tests need
to be performed to cover a wider range of swirl ratios and a larger set of roughness levels to obtain
a full characterization of the overall effect of roughness with swirl ratio. The quantification of the
surface layer relation to the roughness height through a roughness parameter analogous to the z0 in
ABL flows needs further consideration. On the other hand, the inclination angle of the tornado vortex
axis was calculated similar to the smooth case and it was found that the tilt angle ranges between 9
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(a)
(b)
Fig. 16 Effect of adding roughness to the ground on translating tornado surface loading (a) S=0.48, and (b)
S=0.76

to 17 for both swirl ratios compared to 10 to 16 for smooth surface results. No obvious trend was
noted for the relation between the inclination and the roughness level; however, the inclination was
larger for the highest translation speed.
The effect of roughness on the TLV trajectory is captured in Fig. 17. There is a slight tendency
that increased roughness decreases the veering of the TLV to the left for both Swirl ratios. This
seems to be normal as increasing roughness translates in increased surface friction and lower surface
translational speeds which overall diminishes the surface veering while, as shown above, slightly
increases the tilting.

Fig. 17 Tornado trajectory for S=0.48 and S=0.76 for smooth and rough surfaces
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4. Conclusions
Characteristics of stationary and translating TLVs are investigated in the state-of-the-art tornado
simulator, the WindEEE Dome at Western University. High spatial and temporal resolution ground
pressure measurements are performed to reveal the dynamics of stationary and translating TLVs as
a function of swirl ratio, translation speeds, and roughness. The effects of these parameters on
wandering, tilting, and veering of tornado vortices are for the first time examined.
Results indicate that the wandering behavior of the vortex has a substantial impact on stationary
tornado mean flow-field, particularly for low swirl ratios. Wandering can lead to erroneous
magnitudes of the minimum pressure deficit as high as 35%. A new method to eliminate wandering
is proposed by using moving average to detect the center of the tornado deficit profile. This method
proved to be more reliable specifically for higher swirl ratios compared to previous methods using
re-centering the pressure deficit using the global minimum (e.g. Ashton et al. 2019).
For stationary tornadoes, the swirl ratio causes a reduction in the minimum pressure deficit
magnitude followed by a subsequent increase. This highlights the different behavior of TLVs before
and after the touchdown stage and the transition from one-vortex to a multi-vortex structure.
Translation speed effects on the TLVs are for the first time investigated over a range of speeds
for 0.1 m/s; 1m/s and 1.5 m/s. It was observed that the maximum pressure deficit decreases with
increasing translation speed. This implies that using stationary or low-speed tornado translation
speeds for loading purposes may lead to overestimations.
One of the significant observations from the present study is the tilting of the translating tornado
vortex due to increasing surface shear under translation. This tilt is significantly more pronounced
for the highest translation speeds (i.e. 𝑉𝑇 =1 m/s and 1.5 m/s) compared to the lowest speed (i.e. 𝑉𝑇
=0.1 m/s). This tilting behavior has been reported in field tornadoes as well.
The veering motion of the tornado vortex to the left of the translation direction is also observed
for higher translation speeds. This behavior is attributed to the asymmetry in the velocity field
resulting from translation and is observed in full-scale tornadoes as well.
The effect of increased roughness has a similar effect to decreasing swirl ratio for the two studied
cases (𝑆=0.48 and 𝑆=0.76). Increased roughness also results in an increase in tilting and a decrease
in veering of the TLV.
The surface pressure database created in this study is used to explore wandering, translation
tilting, veering, and roughness effects in TLVs. The same data can provide a basis for interpretation
and possible codification of tornado-induced pressures and loads on buildings as a superposition of
pressure deficit and aerodynamic effects.
In the future, this study can be extended to a larger range of swirl ratios, and mostly to better
understand the effects of surface roughness in tornado-like vortex flows.
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